Superconductivity was recently observed [1] [2] [3] [4] [5] [6] [7] in iron-arsenic-based compounds with a superconducting transition temperature (T c ) as high as 56 K, naturally raising comparisons with the high-T c copper oxides. The copper oxides have layered crystal structures with quasi-two-dimensional electronic properties, which led to speculation that reduced dimensionality (that is, extreme anisotropy) is a necessary prerequisite for superconductivity at temperatures above 40 K (refs 8, 9) . Early work on the iron-arsenic compounds seemed to support this view 7, 10 . Here we report measurements of the electrical resistivity in single crystals of (Ba,K)Fe 2 As 2 in a magnetic field up to 60 T. We find that the superconducting properties are in fact quite isotropic, being rather independent of the direction of the applied magnetic fields at low temperature. Such behaviour is strikingly different from all previously known layered superconductors 9, 11 , and indicates that reduced dimensionality in these compounds is not a prerequisite for 'high-temperature' superconductivity. We suggest that this situation arises because of the underlying electronic structure of the iron-arsenic compounds, which appears to be much more three dimensional than that of the copper oxides. Extrapolations of low-field single-crystal data incorrectly suggest a high anisotropy and a greatly exaggerated zero-temperature upper critical field.
(Ba,K)Fe 2 As 2 was the first superconductor found in the (A,K)Fe 2 As 2 (A 5 Ba, Sr) (or 122) series 6 ; its superconducting T c can be as high as 38 K. Its parent compound BaFe 2 As 2 shows a first-order structural phase transition from tetragonal to orthorhombic with the simultaneous onset of long-range antiferromagnetic order around 140 K (refs 7, 12) . Thermodynamic and transport measurements have been used to extract the H c2 (T) dependences (where H c2 is the upper critical field and T is temperature) at low magnetic fields for fields applied both within the a-b planes and parallel to the c axis. The estimated H c2 (0) based on these low-field H c2 (T) experiments is anisotropic and exceeds 100 T at low temperatures 7 . However, experience with other quasi-two-dimensional superconductors such as organics and copper oxides shows that the low-field temperature dependence of H c2 (T) is often a very poor guide to both its detailed behaviour at lower temperatures and its eventual T 5 0 limit 9, 11 Measurements in high magnetic fields are therefore very important, as they alone can give quantitative values of H c2 (TR0), thereby probing the mechanisms that limit the robustness of the superconducting state. Figure 1a shows the zero-field resistivity as a function of temperature for a single crystal of (Ba,K)Fe 2 As 2 . (This sample, denoted A, has the formula Ba 12x K x Fe 2 As 2 , where x < 0.4 (nominal value, below same)) A very sharp superconducting transition can be clearly observed with a midpoint at T c < 28.2 K, indicating good sample quality. Within the normal state (either temperature-or field-induced), the Hall resistance follows a linear field dependence up to 60 T; this is in contrast to the underdoped ReFeAs(O,F) (1111-type) compounds in which the Hall resistance deviates from linearity at high fields and low temperatures (H.Q.Y., unpublished results). The Hall coefficient R H of (Ba,K)Fe 2 As 2 is plotted as a function of temperature in Fig. 1a inset. Note that R H decreases monotonically with increasing temperature above T c , consistent with an increase in the number of dominant hole carriers with increasing temperature.
The rather isotropic behaviour of H c2 (T) at low temperatures that is the main focus of this Letter is already evident in Fig. 1b , c; at the same temperature, superconductivity is suppressed by similar values of the field applied parallel or perpendicular to the c axis (denoted respectively by H//c and HHc). However, the normal state just above the critical field displays a distinct field-orientation dependence: as the temperature decreases, the high-field resistance exhibits a slight 'hump' for H//c, but decreases monotonically for in-plane magnetic fields. This is shown in greater detail in Fig. 2 . Similar phenomena occur in the underdoped 1111-type polycrystalline samples 13 , high-T c copper oxides 9 and organic metals 14 ; in the latter case the 'hump' is attributed to magnetoresistance caused by semiclassical electron trajectories across the Fermi surface 15 . Figure 3 plots the resistive midpoint upper critical fields H c2 versus temperature for two different samples of (Ba,K)Fe 2 As 2 (samples A and B, both cut from the same batch) which have almost exactly the same T c (,28 K) and resistive upper critical field behaviour. The most remarkable aspect of Fig. 3 is the fact that the resistive upper critical field of (Ba,K)Fe 2 As 2 extrapolates to a similar zero-temperature value (,70 T), irrespective of whether the field is applied parallel or perpendicular to the c axis. This is in great contrast to the behaviour of other quasi-twodimensional superconductors, such as the crystalline organic metals 11, 14 or the copper oxides 9, 16, 17 , where the in-plane critical fields are many times larger than those for fields applied perpendicular to the quasi-twodimensional planes.
The magnetic-field-orientation dependence of the resistive upper critical field depends on two inter-related properties of the superconductor in question: (1) the underlying Fermi-surface topology and (2) the nature of the vortices that form in the mixed state 9, 14, 16, 17 . The Fermi-surface topology uniquely determines the velocities of the electrons involved in forming Cooper pairs and thus the ability of the material to support the circulatory currents involved in forming vortices 9, 14, 16, 17 . Topologically, circulatory currents are possible if the intersections of planes perpendicular to the applied field and the Fermi surface produce closed loops 11 . If such currents occur, the additional 'orbital energy' accumulated by the vortex system eventually destroys the superconducting state as the applied field increases.
In the case of the layered copper oxides and organic superconductors, the Fermi surfaces are very two-dimensional, with a cross-sectional area that varies little in the interlayer direction 9, 14, 18 . Hence, fields applied exactly within the conducting planes cannot induce significant circulating currents, as the Fermi-surface cross-sections perpendicular to this are almost all open 15 . This prevents orbital mechanisms from limiting the upper critical field 14, 16, 17 . In such cases, the superconductivity is suppressed at the Clogston-Chandrasekhar limit (CCL), in which the magnetic energy associated with the spin susceptibility in the normal state exceeds the condensation energy in the superconducting state 19, 20 . However, as the field is tilted away from the conducting planes, orbital mechanisms become feasible, producing an upper critical field that declines rapidly with increasing angle 11, 14, 16, 17 . The combination of the CCL and quasi-two-dimensional Fermi surface results in a very anisotropic critical field in the organics and copper oxides, strongly peaked for in-plane fields 11, 14, 16, 17 . Even a cursory inspection of the data in Fig. 3 shows that this is definitely not the case in (Ba,K)Fe 2 As 2 .
The vortex structure is the second ingredient in the angle dependence of the resistive upper critical field in layered materials 9, 11, 14 . For superconductors with weakly coupled layers, pancake vortices are observed for fields applied perpendicular to the quasi-twodimensional planes, whereas Josephson vortices occur for in-plane fields. At intermediate orientations, the two types coexist, with their relative densities determined by the components of the field perpendicular and parallel to the layers. This results in a resistive transition with a shape that varies with field orientation, as seen in the organic superconductors and copper oxides 14, 16, 17 . To show that such behaviour does not occur in (Ba,K)Fe 2 As 2 , a single-crystal sample was rotated in situ using a cryogenic goniometer, and the resistance measured at a fixed temperature of about 20 K for several field orientations. Data for the onset, midpoint and upper limit of the resistive transition are shown as a function of orientation in Fig. 3 Fig. 1c , suggesting the presence of a small amount of a second structural or chemical phase with a lower T c . The amount (or visibility) of the second phase develops over time and with repeated thermal cycling of the samples; it is absent from 'virgin' crystals. Note that b and Fig. 1c were recorded several days after a and Fig. 1b , with a number of thermal cycles between room and cryogenic temperatures. The visibility of the lower temperature transition increased with each thermal cycling.
clear that the resistive transition varies in width and position very smoothly with field orientation, strongly suggesting that (Ba,K)Fe 2 As 2 does not behave as a weakly coupled layered superconductor, but instead that the vortex arrangement is similar at all field orientations. The nearly isotropic critical field of (Ba,K)Fe 2 As 2 might be linked to its distinctive Fermi surface. Published calculations 21 , supported by recent magnetic quantum-oscillation measurements on its sister compound SrFe 2 As 2 (ref. 22) , give a Fermi surface consisting of a number of strongly corrugated or flared tubes with relatively small (compared to the Brillouin zone) cross-sectional areas. Both calculated and measured effective masses are relatively light (a few times the free-electron mass), so that most probably orbital effects limit the upper critical field in (Ba,K)Fe 2 As 2 for H//c, as is seen in the copper oxides and organics. However, in contrast to the very weakly corrugated Fermi surfaces of the latter superconductors 15, 18 , that of (Ba,K)Fe 2 As 2 shows considerable dispersion along the c direction in momentum space (denoted k c ), manifested as a strong oscillation of the cross-sectional area of the various sections as k c varies; the Fermi surface is much more three dimensional. The much larger corrugations in the Fermi surface of (Ba,K)Fe 2 As 2 are sufficient to permit circulating currents at all field orientations; hence, orbital limiting effects might persist at all field angles, leading to the observed rather isotropic upper critical field.
Although the low-temperature upper critical field is rather isotropic, the initial slope of H c2 (T) near T c does show some dependence on the field orientation ( Fig. 3) , perhaps resulting from details of the vortex structure (which will affect the magnetoresistance close to the transition 14 ) or the Fermi-surface topology. In our resistive critical field data, dH c2 /dT(T 5 T c ) is determined to be about 2.9 T K 21 for H//c and 5.4 T K 21 for HHc. These are close to the values found for (Ba,K)Fe 2 As 2 in d.c. field measurements 7 . In contrast to the high-T c copper oxides and the dirty MgB 2 in which a strong upturn curvature was observed in H c2 (T) at very low temperatures 23, 24 , H c2 (T) in (Ba,K)Fe 2 As 2 shows a convex shape for HHc, but follows an almost linear temperature dependence down to 10 K for H//c. The strong, experimentally measured, curvature of H c2 (T) for HHc leads to a significantly lower zero-temperature upper critical field than do typical extrapolation methods; the latter yield values beyond 100 T, much higher than our experimentally inferred value of 70 T.
As far as we are aware, no other layered superconductors exhibit upper critical fields that behave in the same way as those of (Ba,K)Fe 2 As 2 . The difference is, we believe, associated with this material's distinctive Fermi-surface topology, the strong corrugations of which-a manifestation of essentially three-dimensional band structure-permit orbital limiting of the upper critical field at all field orientations. Therefore the 122-type ternary iron arsenides are unique in possessing both a rather high T c and essentially three-dimensional electronic properties. In contrast to common assumptions based on the properties of the copper oxides, it seems that reduced dimensionality is not necessarily a prerequisite for 'high-temperature' superconductivity. Note added in proof: We have recently become aware that megahertz penetration depth measurements in fields up to 45 T (ref. 27 ) further support our conclusion. 
